to the GAT domain of GGA3 (i.e., Golgi targeting, dis-
for each of those activities. The GAT domain spans ‫051ف‬ amino acid residues (e.g., residues 147-310 of GGA3) and is predicted to comprise several ␣ helices (indicated by solid lines in Figure 1 alignments) . The highest degree of conservation among the GAT domains of GGAs from humans, S. cerevisiae, C. elegans, and D. melanogaster occurs within a 20 amino acid stretch spanning residues 179-199 of GGA3 (Figure 1 alignments) . The GAT domain of the GGAs also exhibits a low degree of homology to a segment of the human proteins TOM1 (target of myb 1) and TOM1L1 (target of myb 1-like 1), but this homology starts downstream of the segment of highest conservation. The similarities and differences revealed by these sequence comparisons prompted us to analyze the Golgi targeting and AP-1-displacement activities of all the human GGAs and human TOM1.
As previously shown (Dell'Angelica et al., 2000), the GAT domain of human GGA3 was sufficient to target the reporter green fluorescent protein (GFP) to the Golgi complex at low to moderate expression levels ( Figure  1A ), and to cause dissociation of AP-1 from the Golgi complex at high expression levels (Figures 1B and 1C) (AP-3 behaved like AP-1 in these and all subsequent experiments; data not shown). The GAT domains of human GGA2 and GGA1 were found to possess the same activities ( Figures 1D-1I ). In contrast, the GAT domain of human TOM1 did not target GFP to the Golgi complex at any expression level ( Figure 1J ), nor displace AP-1 upon overexpression ( Figures 1K and 1L ). These observations pointed to the region of highest conservation, present in the three human GGAs but absent from TOM1, as a critical determinant of Golgi targeting and AP-1 displacement.
To investigate further the functional importance of different parts of the GAT domain, we examined the behavior of truncated GGA3-GAT constructs fused to GFP. The results of these experiments are summarized length GGA3. To investigate whether the predominant ␣-helical character of the GAT domain was also imporplacement of ARF-regulated coats, and ARF binding) tant for function, we mutated two nonconserved amino are all functionally linked, we sought to delineate the acids, S199 and T217, to proline residues. These mutations were predicted by the NPS@ program to disrupt regions and specific amino acid residues responsible the conformation of the longest ␣-helical stretch within the interaction with ARF1-Q71L, whereas mutation of N194 to alanine, or S199 and T217 to prolines, abolished the GAT domain (see schemes in Figures 1 and 2) . We observed that these mutations also resulted in loss of the interaction (Figure 3) . Mutation of N194 to alanine in the context of full-length GGA3 also abrogated interGolgi localization and an inability to displace AP-1 (Figures 2G-2I) . Thus, specific residues such as N194, as action with ARF1 Q71L (Figure 3) . Thus, the same structural features of GGA3-GAT that enable Golgi localizawell as the overall conformation of the GAT domain, are critical for these two activities.
tion and AP-1 displacement are required for interactions with ARF1. We also mutated residues located in the switch 1 and switch 2 regions of ARF1, which change Structural Requirements for the Interaction of the GAT Domain with ARF1 their conformation upon binding of GTP or GDP and thus serve as conditional binding sites for ARF effectors In all of the experiments described above, we noticed a perfect correlation between the Golgi localization and (reviewed in Roth, 1999) . Mutations of either of two switch 1 residues (F51 to tyrosine and I49 to threonine, AP-1 displacement activities of the different constructs, suggesting that both activities could arise from the abil- Kuai et al., 2000) in the context of ARF1-Q71L prevented interactions with the GAT domain of GGA3 (Figure 3) . ity of the GAT domain to bind ARF1. To investigate this possibility, we used the yeast two-hybrid system Mutation of a switch 2 residue (Y81 to histidine) had a partial effect (Figure 3 ). Taken together, these observato assess interactions between various GGA3-GAT and ARF1 constructs. In these assays, we used the Q71L tions suggest that the GGAs are recruited to the Golgi complex by direct interaction with ARF·GTP. This intermutant of ARF1, which is locked in the GTP-bound state. In accord with the functional analyses described above, action likely involves contacts between the highly conserved region of the GGA-GAT domains (including N194) mutation of D189 in GGA3-GAT to alanine did not affect observed displacement of AP-1 from the Golgi complex by GAT must thus be due to competition for the same effector binding site on ARF1 or ARF3. assessed by producing a recombinant GAT domain of GGA3, and this domain bearing the N194A or S199P/ T217P mutations described above. Analysis of these The GAT Domain Inhibits GAP-Induced GTPase Activity of ARF1 In Vitro recombinant proteins by circular dichroism spectroscopy confirmed the predictions that GAT has a high The detailed characterization of ARF-GGA interactions enabled us to analyze whether the GGAs modulate the ␣-helical content, that the N194A mutation has no effect on the conformation of this domain, and that the S199P/ ARF cycle. Since both GGAs and GAPs interact with the GTP-bound form of ARFs, we could readily assess T217P mutations alter its conformation (data not shown). The GAT construct alone was found to inhibit the whether their interactions are neutral, synergistic, or inhibitory. To this end, we examined the effect of different GTPase activity of ARF1 in the presence of ASAP1, while the N194A and S199P/T217P mutant construct were recombinant GGA constructs on the GTPase activity of ARF1 in the presence of ARF GAPs and phospholipids completely inactive in this assay ( Figure 4C ). Finally, fulllength His 6 -tagged GGA1 was also found to inhibit GAP in vitro ( Figure 4D ). These observations suggest that binding of the GGAs via their 4A). Unlike VHSϩGAT, VHS alone had no effect on GTP hydrolysis ( Figure 4B ), pointing to the GAT domain as GAT domains hinders the action of the GAPs on ARF1 and, as a consequence, stabilizes ARF1·GTP. the source of the inhibitory activity. This was directly , both of which were predictably pressed with GAT·YFP, the kinetics of ARF1·CFP dissofound to bind clathrin ( Figure 6A ). Also, as expected, ciation became distinctly biphasic. A fraction of the GST, GST·VHS, or GST·VHSϩGAT, did not bind clathrin ARF1·CFP molecules still dissociated at a rapid rate, in this assay ( Figure 6A ). In contrast, HϩGAE domain while a second fraction dissociated with a half-time of constructs of GGA1, GGA2, and GGA3 all bound clathrin ‫06ف‬ s (Figures 5A-5C ). This second fraction probably ( Figure 6A) . Separation of the hinge and GAE domains represents ARF1·CFP molecules complexed with GAT· of the three GGAs revealed that the clathrin binding YFP. It is noteworthy that the rate of dissociation of activity resided mainly within their hinge domains, althis second population of ARF1·CFP approached that though the GAE domain of GGA1 was also able to bind of GAT·YFP (Figures 5A-5C Figure 6B ). We observed that ARF was recruited to liposomes in a GTP␥S-dependent manner irrespective of the addition of His 6 ·GGA1 ( Figures 6B and  6C) . A 4.2-Ϯ 1.3-fold (n ϭ 6) increase in the recruitment of His 6 ·GGA1 upon addition of GTP␥S was observed only in the His 6 ·GGA1-supplemented samples ( Figure  6B, lanes 3 and 4, and Figure 6C) . A small amount of clathrin was found to bind to liposomes in the absence of GTP␥S and His 6 ·GGA1 ( Figure 6B, lane 1) . This suggests that some clathrin can bind to liposomes in a GTPindependent fashion, as previously reported (Takei et al., 1998). Addition of GTP␥S resulted in a slight increase in clathrin binding (40% in the experiment shown in Figure 6B , lane 2), suggesting that adaptors present in the bovine brain cytosol are inefficient at enhancing clathrin binding under the conditions of these assays. However, addition of His 6 ·GGA1 to the cytosolic extract caused a 3.6-Ϯ 1.1-fold (n ϭ 6) increase in the amount of clathrin recruited to liposomes in the presence of GTP␥S ( Figure 6B , lanes 3 and 4, and Figure 6C ) but not GDP␤S ( Figure 6B , compare lanes 5 and 6).
Functional Interactions of the GGAs with Clathrin
The experiments described above predict that GGAs could promote recruitment of clathrin to membranes in not visibly affected by the expression of similar levels of GGA1 VHSϩGAT. We also examined the effect of the GGA1 VHSϩGAT construct on the distribution of the the ␤1-, ␤2-, and ␤3-adaptins (Shih et al., 1995; Dell'Angelica et al., 1998), the GGAs are able to bind clathrin cation-independent mannose 6-phosphate receptor, which is sorted from the TGN to endosomes in a clathrinin vitro via their hinge-GAE domains.
The ability of the GGAs to bind membrane-associated dependent fashion (Liu et al., 1998) . We observed that expression of GGA1 VHSϩGAT caused a striking accu-ARF1·GTP via the GAT domain and clathrin via the hinge-GAE domains suggests that they could promote recruitmulation of the cation-independent mannose 6-phosphate receptor at the TGN and its concomitant depletion ment of clathrin to membranes. To investigate this possibility, we incubated synthetic liposomes with bovine from the peripheral cytoplasm ( Figures 7J-7L, arrows) . In contrast, the distribution of the transferrin receptor brain cytosol in the absence or presence of added recombinant His 6 ·GGA1, and in the absence or presence was not affected (Figures 7M-7O, arrows) . These obser- 
